The mechanism of twitch prolongation of hypoxic myocardium after reoxygenation was studied before and after interventions that affect cellular cyclic nucleotide levels, subcellular calcium handling, or oxygen-derived free radical production/survival. Right ventricular ferret papillary muscles were subjected to two 20-minute periods of hypoxia, each followed by 1 hour of reoxygenation. The first sequence of hypoxia/reoxygenation was done without intervention. Before the second sequence, the pharmacological agent under study was added to the superfusate or the superfusate calcium concentration was increased from 2.5 to 8 mM.
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The mechanism of twitch prolongation of hypoxic myocardium after reoxygenation was studied before and after interventions that affect cellular cyclic nucleotide levels, subcellular calcium handling, or oxygen-derived free radical production/survival. Right ventricular ferret papillary muscles were subjected to two 20-minute periods of hypoxia, each followed by 1 hour of reoxygenation. The first sequence of hypoxia/reoxygenation was done without intervention. Before the second sequence, the pharmacological agent under study was added to the superfusate or the superfusate calcium concentration was increased from 2.5 to 8 mM.
Time from peak to 80% decline in twitch tension was measured in the presence and absence of each intervention immediately before each period of hypoxia and after reoxygenation at maximal twitch prolongation. Interventions that affect Ca21 flux across the sarcolemma (verapamil and 8 mM [Ca2110) or agents that affect oxygen free radical production/survival (dimethyl sulfoxide and allopurinol) did not affect twitch prolongation. Pharmacological agents that increase cyclic AMP levels (forskolin and milrinone) or those that inhibit mitochondrial activity (oligomycin B and ruthenium red) attenuated twitch prolongation. Pharmacological agents that decrease cyclic AMP levels (carbachol) or inhibit function of the sarcoplasmic reticulum (ryanodine) augmented twitch prolongation. The effect of mitochondrial inhibitors on intracellular calcium handling during hypoxia and reoxygenation was examined using muscles loaded with the bioluminescent calcium indicator aequorin. Mitochondrial inhibitors abbreviated the calcium transient and maximal twitch prolongation after hypoxia. We conclude that alterations in sacroplasmic reticulum and mitochondria calcium handling contribute to the prolonged relaxation seen upon reoxygenation of hypoxic myocardium. (Circulation Research 1990; 66:696-709) Amarked prolongation of isometric twitch appears early during the reoxygenation of hypoxic myocardium.1-3 Twitch prolongation also occurs upon reperfusion of ischemic myocardium in canine models of coronary ischemia.2 In isolated dog hearts, reperfusion after global ischemia and reoxygenation after hypoxia were both associated with an increase in left ventricular diastolic tone. 4 Although the hypoxia/reoxygenation sequence differs in many aspects from the ischemia/reperfusion sequence, both are associated with a transient abnormality in myocardial relaxation. 2 The mechanism of twitch prolongation has not yet been defined. It is possible that twitch prolongation plays an important role in contraction asynergy,5 stiffness changes,4 and arrhythmogenesis in patients with coronary artery disease.2 Twitch prolongation can be inhibited with cyanide and other electron transport inhibitors,3 coenzyme Q10,6 nitroprusside,7'8 and nifedipine.9 Based on these reports, it has been suggested that muscle twitch prolongation after hypoxia results from alterations in subcellular calcium handling,3'6,7 cyclic nucleotide levels,7 and/or oxygen-derived free radical production. 6 No one consistent mechanism of twitch prolongation has yet been described.
In the present study, we investigated the mechanism of posthypoxic twitch prolongation by studying the effects of agents known to alter cellular cyclic nucleotide levels, subcellular calcium handling, or oxygen-derived free radical production and survival.
To determine the role of cyclic AMP (cAMP) in twitch prolongation, we studied the effects of forskolin, an adenylate cyclase-activating agent10; milrinone, a phosphodiesterase inhibitor1"; and carbachol, an agent that decreases cellular cAMP levels.'2 We also investigated the effects of blocking sarcoplasmic reticulum (SR) calcium release with ryanodine. The role of sarcolemmal calcium handling was evaluated by exposing muscles to solutions containing high (8 mM) extracellular calcium concentration or to the calcium channel antagonist verapamil. 13 The role of mitochondrial function in twitch prolongation was studied using oligomycin B to inhibit the mitochondrial ATPase14 and ruthenium red to block calcium influx through the mitochondrial uniporter. 15 Additional studies used the bioluminescent protein aequorin to monitor intracellular calcium after hypoxia in the presence of mitochondrial inhibitors oligomycin B and sodium cyanide. Results of these experiments suggest that mitochondrial calcium handling plays a role in twitch prolongation during reoxygenation.
Materials and Methods
Twelve-to 14-week-old male ferrets were anesthetized with chloroform; the hearts were quickly excised and placed into oxygenated salt solution (for composition see below). Right ventricular papillary muscles were removed and placed into organ baths; care was taken to select muscles with cylindrical uniformity and diameters less than 1 mm to ensure adequate oxygenation of central fibers. 16 The muscles were suspended between a stationary clip and a hook attached to a Statham force transducer (model UC2, Gould, Cleveland, Ohio) for recording tension development. The muscles were superfused with a bicarbonate-buffered physiological salt solution of the following millimolar composition: NaCl 120, KCl 5.9, dextrose 11.5, NaHCO3 25, MgCl2 1.2, NaHPO4 1.2, CaCl2 2.5, and bubbled with a gas mixture of 95% 02-5% CO2 to pH 7.4. Experiments were performed at 300 C; the muscles were stimulated at a frequency of 0.33 Hz using threshold voltage. A 5-msec squarewave pulse was delivered through an electrode located at the base of the papillary muscle. The muscles were stretched to a length that elicited maximal twitch force (Lma) and then allowed to equilibrate for approximately 1 hour before experimental manipulations.
Each muscle was subjected to two periods of hypoxia and reoxygenation ( Figure 1 ). First, a 20-minute control period of hypoxia was initiated by substituting the original gas mixture with 95% N2-5% CO2. The partial pressure of oxygen achieved was <20 torr, and developed tension dropped to 5-55% of developed tension during normoxia. Reoxygenation was accomplished by returning the original gas mixture to the bath. The muscles were then allowed to recover for 1 hour until the time course and amplitude of the isometric twitch returned to control. The muscles were then exposed to a second period of Figure 2 illustrates isometric contractions from a representative control muscle immediately before the first 20 minute period of hypoxia (A); at maximal prolongation of the twitch during reoxygenation [i.e., max(RT80)1] (B); immediately before a second period of hypoxia following complete recovery from the first hypoxia/reoxygenation (C); and at maximal prolongation of twitch after the second reoxygenation [i.e., at max (RT80)2] (D). In control muscles there was no effect on resting tension during hypoxia/reoxygenation. Only a small variance between max(RT80), and max(RT80)2 was observed for any given control muscle. Table 1 shows that average max(RT80)2=435+69 msec was not statistically different from average max(RT80),=461+80 msec. These data confirmed the stability of individual preparations and the lack of irreversible damage. Figure 3 ). These data suggest that slow inward current does not contribute significantly to twitch prolongation during reoxygenation.
Results

Control Muscles
Role of Sarcoplasmic Reticulum Calcium Handling in Twitch Prolongation
The effect of altering sarcoplasmic reticulum (SR) calcium handling by using ryanodine to inhibit SR calcium release20,21 was investigated. Only one muscle demonstrated an increase in resting tension during the prehypoxic period. This was not altered by hypoxia/ reoxygenation. In these experiments max(RT80) averaged 459+71 msec. In the presence of 3 ,uM ryanodine, a concentration that caused peak developed tension in normoxic muscle to drop by 60-90%, the effect on twitch prolongation was increased to max (RT80)2=942+23 msec (p<0.001) (Table 1, Figure 4 ).
Ryanodine also prolonged time-to-peak tension (TPT) (216±11 msec vs. 335+9 msec,p<0.05). Addition of 10 ,uM verapamil did not significantly affect time course changes (data not shown).
Effects of Drugs Affecting Cellular Cyclic AMP Levels
We investigated the effects of pharmacological agents known to alter phospholamban phosphoryla- Figure 5 illustrates the effect of these agents (forskolin, milrinone, and carbachol) on max(RT80).
In muscles exposed to 0.1 gM forskolin (a concentration that raised developed tension of the normoxic muscle by 1-2%) during the second period of hypoxia and reoxygenation, there was a significant reduction in max(RT80)2 [518±+62 msec compared with max(RT80)1 of 644±70 msec, p<z0.05] ( Table 1 ). The same effect was observed in muscles exposed to 3 gM milrinone, a concentration that caused developed tension to increase in normoxic muscles by 10-50%. Max(RT80)2 of 306±+40 msec was significantly short- Peak isometric twitch force, isometric tension at the point of indicated time-course measurements. (RT4o)1, max (RT8o)j, (RT80)2, and max(RT80)2 represent time from peak tension to 80% relaxation of the isometric contractions recorded at the times indicated in Figure 2 . Note that in the case of "Ryanodine+forskolin," ryanodine was present during both periods of hypoxia and reoxygenation, while forskolin was present only during the second period of hypoxia and reoxygenation. In all cases, max(RT80) were Table 1 ). The effects of carbachol on muscarinic receptors to reduce action potential duration would be expected to reduce duration of the isometric contraction.24 Therefore, carbachol effects on action potential duration are unlikely to play a major contributing role in the mechanism of twitch prolongation on reoxygenation.
Further experiments examined the effects of intracellular cAMP level on twitch prolongation during reoxygenation under conditions in which SR function was impaired. In these experiments, muscles were subjected to the first period of hypoxia and reoxygenation in the presence of 5 ,M ryanodine. Ryanodine at this concentration has been reported to block SR calcium release.20,21 Under these conditions, max(RT80)1 was 963±142 msec. After a reoxygenation period, 0.1 ,uM forskolin, an agent that increases intracellular cAMP, was added to the superfusate in the presence of ryanodine. The muscles were then subjected to a second period of hypoxia and reoxygenation.
Max(RT80)2 (802±93 msec) was consistently but not significantly reduced relative to max(RT80)1. In the example in Figure 4 , the maximally prolonged twitches in the presence and absence of forskolin were nearly superimposable. Because blocking the SR diminishes but does not abolish the effect of forskolin on twitch prolongation, it is possible that the forskolin-induced increase in cAMP acts at a site other than the SR, for example, at the level of the myofilaments. An alterna- was added after the first 1-hour reoxygenation period. In this example, forskolin had no effect on the twitch prolongation in the presence of ryanodine. 
Effects ofAgents That Alter Mitochondrial Function
In muscles subjected to a second period of hypoxia and reoxygenation in the presence of 1 ,uM oligomycin B, there was a consistent, dramatic reduction in twitch prolongation: max(RT8,)2 of 228+33 msec compared with max(RT8,), of 660±82 msec (p<0.001) (Table 1, Figure 6 ). This concentration of oligomycin B had no effect on the amplitude or time course of the isometric twitch or associated calcium transient in normoxic muscle. Abbreviation of twitch prolongation was also observed in muscles exposed to 85 ,uM ruthenium red for .1 hour before induction of hypoxia ( Figure 6 ). In these muscles max(RT80)1 was 399+±57 msec and max(RT80)2 was 328±+18 msec (p<0.05) ( Table 1 ). As seen in the example in Figure 6 , the time to peak tension before and after reoxygenation was also prolonged. This may reflect the effect of ruthenium red on SR calcium handling. 25 If ruthenium red resulted only in inhibition of the SR, the results should have been similar to ryanodine. It should be noted that at the concentration of ruthenium red used, peak developed tension of normoxic muscle declined by 60-80%. After the decline, developed tension never reached a constant level but continued to oscillate in the presence of ruthenium red. The most unstable preparations were discarded. Despite oscillations in developed tension, the abbreviation of twitch prolongation upon muscle reoxygenation was consistent. that this effect may be responsible for their ability to decrease twitch prolongation during reoxygenation. At the concentration of oligomycin B used, there was no effect on the amplitude or time course of the calcium transient in normoxic muscle. There was no effect on resting calcium or tension throughout the hypoxia/reoxygenation protocol. In Figure 7 , the calcium transients from a muscle during the first period of hypoxia/reoxygenation were compared with the calcium transient from the same muscle after exposure to 1 ,sM oligomycin B. Figure 9 ). In Figure 9 . the calcium transients after reoxygenation have been superimposed and amplified equally so that the effect of reoxygenation on time course can be compared. Inhibiting mitochondria increased the relaxation rate and shortened the calcium transient duration.
There was also a reduction in duration of calcium signals in an aequorin-loaded muscle exposed to 0.25 mM sodium cyanide during hypoxia and reoxygenation. Cyanide had no effect on resting calcium or tension in the prehypoxic period or throughout hypoxia/reoxygenation. In the absence of either agent, the amplitude of the aequorin signal after 1 hour of reoxygenation was 71% of the amplitude immediately before institution of hypoxia. In the presence of cyanide, this value became 100%. Table 3 displays the time courses of the calcium transients and associated isometric contractions of the cyanide-treated muscle.
Effects ofAgents That Alter Oxygen-Derived Free Radical Production or Survival
Muscles were subjected to a second period of hypoxia and reoxygenation in the presence of the xanthine oxidase inhibitor allopurinol. Three different superfusate concentrations of allopurinol were studied: 0.1 ,tM (n=2), 10 ,M (n=3), and 100 1ugM (n =3), and results were pooled. There was no significant effect of allopurinol on tension prolongation: max(RT80)1 was 459±109 msec and max(RT80)2 was 445+93 msec (p>0.05) (Table 1, Figure 10 ). When only the highest concentration of allopurinol (100 (RT80)1, max (RT8o)j, (RT80)2, and max(RT80)2 represent time from peak tension to 80% relaxation of the isometric contractions recorded at the times indicated in Figure 2 lM) was compared with control, there was no significant difference between max(RT80), and max(RT80)2 (p>0.05, n=3). In Figure 10 .1, C and D represent isometric contractions of muscles exposed to 100 ,uM allopurinol.
In addition, in muscles exposed to 0.28 M dimethyl sulfoxide (DMSO), a nonspecific free radical scavenger, there was no significant difference in twitch prolongation during reoxygenation (Table 1, Figure 10 .2).
Discussion
Several factors affect the time course of isometric contraction in cardiac muscle. These include 1) rate of calcium uptake and release by intracellular organelles such as the SR, 2) the sensitivity of myofilaments to calcium, and 3) cAMP-dependent processes such as phosphorylation of the contractile protein troponin I and phosphorylation of phospholamban that mediates SR calcium uptake. In this study, we investigated the mechanism of posthypoxic isometric twitch prolongation using agents that affect calcium handling by the sarcolemma, SR, and mitochondria. Further, we investigated the effects of pharmacological agents that alter intracellular cAMP levels, myofilament calcium affinity, and oxygen-derived free radical production and survival. We found that twitch prolongation was altered only by agents that affect subcellular calcium handling by the SR and mitochondria and/or affect cAMP levels. Agents affecting slow inward sarcolemmal calcium current, myofilament calcium sensitivity, and oxygen-derived free radical production/survival had no effect on posthypoxic muscle twitch prolongation. Kinetics Figure  2 . Panel 10.1: 100 EM allopurinol had no effect on the twitch prolongation. Panel There is a delay between peak myoplasmic [Ca21] and peak tension due in part to the kinetics of calcium binding to troponin sites. During relaxation, there is a substantial lag between myoplasmic [Ca21] and the fall of tension, reflecting the much slower rate of dissociation of calcium from troponin sites.
In our studies, we have investigated agents known to affect transsarcolemmal calcium flux, myofilament calcium sensitivity, and mitochondrial and SR calcium handling. The effects of these agents on the time course of the isometric twitch and associated bioluminescence detected with aequorin are consistent with abnormalities in intracellular calcium mobilization. Therefore, changes detected in the time course of the intracellular calcium signal most likely explain our findings. Sarcolemmal Voltage-Dependent Calcium Channels (Id): Questionable Role in Posthypoxic Muscle Twitch Prolongation Twitch prolongation can occur because the affinity of the myofilaments for calcium is increased26,33 and/or if SR function is impaired, effectively removing a substantial calcium buffer. Therefore, calcium entry across the sarcolemma would be much more effective in raising free intracellular calcium and in activating the myofilaments. An increase in extracellular calcium concentration to 8 mM should increase the intracellular calcium availability and therefore should increase twitch prolongation. In contrast to this, the addition of verapamil, which decreases intracellular calcium by blocking sarcolemmal calcium channels,13 should diminish twitch prolongation. In these experiments, however, neither an increase in extracellular calcium concentration nor addition of verapamil produced any change in twitch prolongation. Other experiments in our laboratory that have directly investigated myofilament calcium sensitivity during reoxygenation have shown no change in calcium sensitivity.34 Because twitch prolongation is affected only when the calcium handling of specific subcellular components is perturbed (i.e., SR and mitochondria), an increase in myofilament calcium affinity is not likely to be responsible for twitch prolongation.
In support of our findings, it has been shown that there is no increase in sarcolemmal permeability to calcium during reoxygenation after a 20-minute period of hypoxia. 35 In addition, in cultured chick embryo heart cells exposed to 120 minutes of hypoxia, verapamil, and Bay K 8644 had no effect on calcium entry when added 30 minutes after reoxygenation. 36 Taken together, these results suggest that sarcolemmal calcium flux does not contribute in a major way to the observed twitch prolongation in posthypoxic recovery.
Role of the Sarcoplasmic Reticulum and Intracellular Cyclic AMP Ryanodine, which inhibits SR calcium handling, enhances muscle twitch prolongation during reoxy-genation. The question arises as to whether the effects of ryanodine on twitch prolongation upon reoxygenation are due only to alterations in intracellular calcium level or are due also to changes in concentration and utilization of high-energy metabolic intermediates (ATP and PCr). Previous work on ferret hearts has demonstrated that ryanodine (1-5 ,uM) significantly alters hemodynamic parameters without affecting [Pi] , [PCr] , [ATP] , and intracellular pH.37 Therefore, the effects of ryanodine observed in these experiments are most likely due to impaired calcium handling by the SR.
The transient increase in the calcium transient observed upon reoxygenation probably reflects enhanced sequestration by the SR of calcium released by the mitochondria.38 This hypothesis is supported by other experiments using metabolic blockade with cyanide, which suggest that calcium is stored in the SR when oxidative metabolism restarts. 39 In these experiments, pharmacological agents that increase [cAMP]i diminished posthypoxic twitch prolongation, whereas carbachol, which decreases
[cAMP]i, augmented posthypoxic twitch prolongation. In addition, carbachol at the concentration used in these studies did not significantly prolong the twitch in normoxic muscle.
Agents that increase [cAMP]i also increase slow inward current via phosphorylation of the sarcolemmal calcium channels. This results in increased energy use secondary to increased calcium mobilization. 40 If twitch prolongation is due to enhanced slow inward current or energy depletion, it would be exacerbated in the presence of these agents. An increase in [cAMP]i would increase phosphorylation of phospholamban and therefore would accelerate muscle relaxation via enhanced sequestration of calcium by the SR.41 Our observation that the addition of ryanodine diminishes, but does not completely abolish, the effect of forskolin on twitch prolongation supports this hypothesis. It should be noted that increased [cAMP] i would also increase phosphorylation of troponin I which, in turn, would accelerate muscle relaxation. 42 Role of the Mitochondria in Twitch Prolongation Figure 11 summarizes the two mechanisms of mitochondrial calcium uptake and the sites of action of the inhibitors discussed in the present paper. Oligomycin B diminishes posthypoxic twitch prolongation at a concentration that inhibits mitochondrial ATPase14 but has no effect on either myofilament sensitivity to calcium (R.J. Hajjar [48] [49] [50] In the presence of a respiratory uncoupler, respiration-dependent mitochondrial calcium uptake is inhibited, as discussed above, so that only the ATP-dependent process can occur. One possible explanation for the failure of uncouplers to reduce twitch prolongation may be that this process of calcium uptake, which by itself would tend to improve relaxation, would further deplete ATP, resulting in prolonged relaxation similar to a rigortype contracture. Furthermore, it is possible that in the presence of an agent that dissipates the proton gradient, the cell uses ATP in an attempt to restore the gradient. This would further deplete ATP and diminish ATP-mediated calcium uptake by intracellular organelles.
Oligomycin B-mediated inhibition of mitochondrial ATPase in the intact cell prevents use of the proton gradient for ATP generation. Therefore, energy provided by the proton gradient would be available for mitochondrial calcium uptake. In our experiment, the concentration of oligomycin B was not high enough to decrease peak developed tension, suggesting the ATP from glycolysis was capable of supporting contraction. The restoration of respiratory activity upon reoxygenation results in generation of a proton gradient that in the presence of oligomycin B should provide energy for calcium uptake into the mitochondria. This, in turn, would explain the inhibition of twitch prolongation during reoxygenation in the presence of 1 ,uM oligomycin B.
Inhibition of posthypoxic twitch prolongation observed in the presence of ruthenium red may result from inhibition of calcium uptake into mitochondria throughout hypoxia, leading to a decrease in mitochondrial calcium stores. On reoxygenation, less calcium is available in the mitochondria for efflux, resulting in a decrease in the twitch prolongation. Although ruthenium red has been shown to inhibit SR calcium transport, it appears to be much less susceptible to inhibition by ruthenium red than is calcium transport in the mitochondria.51,52 If ruthenium red were solely affecting SR calcium handling, one would expect, as was the case with ryanodine, a further prolongation of the isometric twitch, which is opposite to our findings.
Role of Other Intracellular Ions: Intracellular Magnesium, pH, and Phosphate
We have focused on the effects of mitochondrial inhibitors on mitochondrial calcium uptake; however, it is likely that their effects on twitch prolongation are also a result of changes in other intracellular ions, such as inorganic phosphate, hydrogen ions, and magnesium. Since all of the mitochondrial inhibitors described above inhibit ATP formation in the intact cell, all should cause an increase in intracellular phosphate and magnesium and a decrease in pH. FIGURE 12 . Summary of a proposed mechanism of twitch prolongation. After reoxygenation, the net movement of calcium across the mitochondrial membranes is outward, resulting in an increase in sarcoplasmic reticulum calcium uptake and release with each beat. This causes a gradual prolongation of relaxation of the isometric contraction. In contrast, the calcium transient shortens with each beat, from its maximal time course reached during hypoxia, toward normal. This may be a result of the pH changes that may occur during hypoxia and reoxygenation. The changes in the levels of intracellular phosphate that occur during hypoxia and reoxygenation probably have complex interactions with mitochondrial calcium uptake, myofilament activity, and other intracellular processes. ISOMETRIC CONTRACTIONS however, there is considerable evidence that reperfusion injury is a result of the activation of neutrophils triggered by xanthine oxidase activity rather than a direct result of xanthine oxidase-mediated oxygen free radical production.60-62 Thus, while xanthine oxidasemediated free radical production is necessary for neutrophil migration and activation, reperfusion injury may be mediated almost entirely by substances, including oxygen free radicals, that are released by activated neutrophils.
In light of this evidence, xanthine oxidasemediated production of free radicals would appear to play little role in the twitch prolongation observed in isolated papillary muscles that are not superfused with blood. In support of this, we found that the oxygen free radical scavenger DMSO had no effect on twitch prolongation. Exposure of the papillary muscle to allopurinol also had no effect on posthypoxic twitch prolongation. Summary The possible role of mitochondria in cardiac muscle contraction and relaxation has been a subject of controversy for over two decades. Experiments by Bing et a13 suggested that slow movements of calcium into and out of mitochondria are superimposed on twitch-to-twitch changes in calcium movement that are controlled by SR. Our results would support this hypothesis: posthypoxic twitch prolongation reaches its maximum over the course of several beats and then persists for some time.
Our experiments with aequorin-loaded muscles indicate that posthypoxic twitch prolongation is a calcium-mediated event. The two mitochondrial inhibitors we used exert their effects by altering cellular calcium handling. The observation that there is no rise above control levels in the aequorin signal during reoxygenation in the presence of oligomycin B or cyanide suggests that these agents decrease net release of calcium from an intracellular store, presumably the mitochondria. Further, the observation that these agents produce a concomitant reduction in store is related to the observed decrease in twitch prolongation. There appears to be an interaction between intracellular calcium handling by the mitochondria and SR that produces an increase in intracellular calcium after hypoxia. Figure 12 illustrates this interaction and outlines a possible mechanism by which reoxygenation results in prolongation of isometric contraction. In this scheme, a net efflux of calcium from the mitochondria upon reoxygenation results in an accumulation of intracellular calcium, which in turn produces twitch prolongation. The increase in the amplitude of the accompanying calcium transient during reoxygenation reflects an increase in SR calcium uptake and release that is facilitated by the mitochondrial calcium release. The results of these experiments suggest that mitochondrial calcium handling plays an important role in cardiac muscle contraction-relaxation during recovery from hypoxia.
